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processes such as proliferation, differentiation, DNA repair, and apoptosis leading to genetic instability, tumorigenesis, and malignancy. 6 Cell-cycle abnormalities are mainly due to hyperactivation of cyclin-dependent kinases (CDKs), members of the serine/ threonine-specific protein kinase family, consisting of 20 members exhibiting conserved catalytic domains and similar activation mechanisms through the binding of a regulatory subunit (usually a cyclin) and post-translational modifications. Abnormal regulation of the CDK4-and CDK6-cyclin D-INK4-retinoblastoma protein (Rb) signaling pathway is among the most common aberrations found in many human cancers, 7 particularly GBM. 8 -13 Recent profiling of molecular tumors has further highlighted the critical role of CDK4/CDK6 activation in the pathogenesis of GBM. 14, 15 Taking account these observations, CDKs have since been extensively pursued as oncology drug targets among many other protein kinases with roles in cell cycle regulation. 16, 17 Accordingly, depletion of either CDK1 or CDK2 slows down the progression through G2/M or G1/S, respectively, but combined depletion of CDK1 and CDK2 leads to much stronger G2/M arrest in the non-small cell lung cell line or apoptosis in osteosarcoma cells. In the same way, simultaneous inactivation of CDK1, CDK2, and CDK9 not only arrested cell cycle but also substantially induced apoptosis. 18 However, highly specific inactivation of any CDK, including CDK1, would not be as efficient as more broad inhibition of multiple CDKs. In addition, multitarget inhibitors may find appropriate medicinal use because they are less likely to allow development of resistance and may be more efficient. All CDK inhibitors identified to date are ATP competitive. 19 Many of them have been found to display promising antitumor activities, and a number are currently undergoing clinical evaluation as anticancer drugs. 20 -22 New synthetic 3-((2-amino)pyrimidin-4-yl)-7-azaindole CDK inhibitors, meriolins, are hybrid molecules derived from meridianins, a family of 3-((2-amino)pyrimidin-4-yl)indoles, and variolin B containing a central pyrido[3 ′ ,2 ′ :4,5]pyrrolo [1,2-c] pyridine core substituted with a 2-aminopyrimidine ring. 23, 24 Meridianins and variolin B are marine natural compounds that exhibit various levels of kinase inhibition and are extracted from the Ascidian Aplidium meridianum 25 and Kirkpatrickia variolosa, a rare Antarctic sponge, 26, 27 respectively. 28, 29 Recent studies established that variolin B and deoxyvariolin display CDK inhibition and antitumor activity, 30 whereas a first series of meriolins has shown potent inhibitory activities towards CDKs and antiproliferative and pro-apoptotic behaviors on human cancer cell lines in culture. 24 In particular, phosphorylation at CDK1-, CDK4-, and CDK9-specific sites has been shown to be counteracted by meriolins in neuroblastoma SH-SY5Y. 23 Meriolin 3 potently inhibited growth of Ewing's sarcoma and LS174T colorectal carcinoma xenografted into nude mice. 23 In the present study, the potential antitumoral activity of a new series of meriolin has been specifically evaluated on malignant glioma development, both in vitro and in vivo.
Materials and Methods

Compounds, Cell Lines and Culture Conditions
Meriolins were synthesized by Benoît Joseph's research group (ICBMS, University of Lyon) and provided by Dr. Laurent Meijer (ManRos Therapeutics). Meriolins were dissolved in dimethyl sulfoxide (DMSO) at a 10 mM stock solution and stored at 2208C.
Culture of Cell Lines
Human cell lines from anaplastic astrocytoma (SW1088) and glioblastoma (U87), human (HUV-EC-C), and murine (bEnd3) endothelial cell lines were obtained from the American Type Culture Collection. SW1088 cells were maintained in Leibovitz L-15 containing 10% fetal bovine serum (FBS; Lonza) and 1% sodium pyruvate at 378C in a humidified atmosphere. U87 and bEnd3 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) containing 10% FBS and 1% sodium pyruvate at 378C in a humidified atmosphere containing 5% CO 2 . The HUV-EC-C cells were maintained in F12K (Invitrogen) containing 10% FBS, 1% sodium pyruvate, 0.1 mg/mL heparin, and 0.05 mg/mL endothelial growth factors (Invitrogen) at 378C in a humidified atmosphere containing 5% CO 2 . Culture media were replaced every 3 days.
Culture of Rat Astrocytes
Primary cultures of astrocytes were prepared as previously described. 30 Briefly, cerebella from 7-day-old (P7) Wistar rats were collected in DMEM/Ham-F12 (21, v/v%) culture medium supplemented with 2 mM glutamine, 1% insulin, 5 mM HEPES, 0.4% D(+)-glucose, and 1% of antibiotic-antimycotic solution. The tissues were disaggregated mechanically with a syringe equipped with a 1 mm gauge needle and filtered through a 100 mm poresize mesh filter (Falcon; Becton Dickinson). Dissociated cells were resuspended in culture medium supplemented with 10% heat-inactivated FBS and seeded in 150-cm 2 culture flasks (Falcon) at a density of 20 × 10 6 cells/flask. Cells were incubated at 378C in a humidified atmosphere (5% CO 2 ), and the medium was changed twice a week. When cultures were confluent, the flasks were gently shaken on an orbital shaker at 250 g for 2 hours. Dislodged cells were discarded, and a second step of purification was performed at 250 g for 14 -16 hours. Remaining adhesive cells were collected by trypsination, centrifuged (800 g for 10 min) and plated in 150 cm2 flasks. Suspended astrocytes were harvested and seeded in 24-well poly-L-lysine-coated plates.
Culture of Neurons and Co-culture of Astrocyte-neuron
Cerebellar granule cell cultures were prepared from cerebella of P7 Wistar rats as described previously. 31 Isolated cells were plated on 14 mm culture dishes coated with poly-L-lysine (5 mM) at a density of 1.5 × 10 6 cells/dish and incubated at 378C in a humidified atmosphere (5% CO 2 ) for 1 to 10 days before use. Culture medium consisted of DMEM/Ham's F12 (75%/25%) supplemented with 10% FBS, 2 mM glutamine, 5 mg/mL insulin, 25 mM KCl, and 1% of antibiotic-antimycotic solution. Culture of neurons and co-cultures were obtained by seeding granule cells (1.5 × 10 6 cells/mL) directly on fibronectine or astrocytes plated in 24-well plates after 12 hours. Co-cultures were maintained in the specific medium for neuron and incubated at 378C in a humidified atmosphere (5% CO 2 ) for only 4 days.
Cell Growth Assay
SW1088, U87, HUV-EC-C, and bEnd3 cells were cultured in 24-well plates (Costar; 5 × 10 3 cells/well for SW1088 and HUV-EC-C, 15 × 10 3 cells/well for U87 and bEnd3) for 24 hours Jarry et al.: Antitumoral activity of CDK inhibitor meriolins on glioma before treatment in L-15, DMEM, DMEM, or F12K, respectively, supplemented with 10% FBS. Cells were then incubated in the absence or presence of graded concentrations of meriolins (10 pM to 10 mM) for 48h, 48h, 24h, and 72 h, respectively. Controls were determined by using a DMSO concentration corresponding to the dilution of meriolins used for each concentration tested. After treatment, cells were harvested, and cellular density was measured by direct cell counting with an electronic cell counter (Z2; Coulter Beckmann).
Cell Cycle Analysis
U87 and HUV-EC-C cell lines were plated in 75 cm 2 Falcon flasks. When cells reached 80% confluence, they were incubated in the absence or presence of meriolins 5 and 15 (0.1 mM) for 24 hours. Cells treated with DMSO corresponding to meriolin concentration were used as control. Cell cycle analysis was done by DNA staining with propidium iodide by flow cytometry. Briefly, after treatment, cells were trypsinized, harvested in PBS, and fixed in ice cold 70% ethanol for 2 hours. Staining was done with 0.6 mg/mL RNase (30 min; room temperature [RT]; Sigma-Aldrich) and 50 mg/mL propidium iodide (30 min; RT; Sigma-Aldrich). Cell cycle status was quantified by FacsCalibur flow cytometer (BD Biosciences) using CellQuest analysis software (Becton Dickinson Immunocytometry Systems).
Apoptosis Analysis Through Determination of DCm
SW1088, U87, and HUV-EC-C cell lines were plated in 25 cm 2 Falcon flasks. When cells reached 80% confluence, they were incubated in the absence or presence of meriolins 3, 5, 7, and/or 15 (0.1 mM) for 24 hours or 48 hours. Cells treated with DMSO corresponding to the meriolin concentration were used as control. Staurosporine treatment for 1 hour was used as a positive control. Changes in mitochondrial function induced by different apoptotic stimuli were associated with the mitochondrial membrane potential. 32 Damaged mitochondria lose membrane integrity and are not able to maintain their transmembrane potential as a consequence. Mitochondrial potential labeling, DCm, was determined by monitoring the fluorescence of the cationic potentiometric dye tetramethyl rhodamine methyl ester (TMRM). Briefly, after treatment, cells were harvested, rinsed in PBS, resuspended in a buffer containing 10 mM HEPES, 135 mM NaCl, 5 mM CaCl 2 , and incubated 15 minutes in a fresh TMRM solution (200 nM, 378C in the dark; Molecular Probes; Fischer Scientific). Red fluorescence was determined by FacsCalibur flow cytometer (BD Biosciences) in the FL2 channel at 575 nm using CellQuest analysis software. Representative results were shown as 2-dimensional density plots of TMRM-stained cells illustrating the percentage of cells with intact DCm (TMRM fluorescence in top right quadrant).
Electrophoresis and Western Blotting
Following heat denaturation for 3 minutes, Sc1 cell proteins were separated on a minigel electrophoresis system (Invitrogen) using NuPage 10% Bis-Tris, 10-or 12-well polyacrylamide gels. Electrophoresis and transfer were performed in XCell SureLock Mini-Cell system and XCell II Blot module from Invitrogen. The 0.45 mm nitrocellulose membrane was from Fisher Bioblock. These were blocked for 1 hour with 5% low-fat milk in Tris-buffered saline-Tween-20, incubated overnight at 48C, and analyzed by enhanced chemiluminescence. Monoclonal antibodies against actin were from Calbiochem. Monoclonal antibodies against Rb were purchased from BD Biosciences. Polyclonal antibody against phospho-Ser249/Thr252-Rb was provided by Biosource. Polyclonal antibody against phospho-Thr320-protein phosphatase 1a (PP1a) was from Cell Signaling. Polyclonal antibodies against RNA polymerase II and phospho-Ser2-RNA polymerase II were supplied by Covance Research Products. Polyclonal antibodies against PARP and against Mcl-1 were obtained from Santa Cruz Biotechnology.
Heterotopic Tumoral Growth Study
We used 2 different xenografted animal models to test the effect of meriolin 15 in vivo. Animal experiments were performed according to the recommendations of the French Ethical Committee and under the supervision of authorized investigators. First, we used U87 human glioblastoma cell line xenografted in nude mice. A cohort of 6 -7-week-old male Swiss nude mice (Charles River Laboratory) was sedated by isoflurane inhalation (Aerane; Baxter) and implanted subcutaneously into the flanks with 3 × 10 6 U87 cells/100 mL PBS. During the protocol, tumor growth was evaluated every day. When tumors reached a volume of 100 -150 mm 3 , 100 mL of meriolin 15 or vehicle at the corresponding concentration were injected intraperitoneally (i.p.). A stock solution of 25 mg/mL in DMSO was prepared and stored at 2208C. In a first experiment, meriolin 15 was administrated at doses of 2 mg/kg every 2 days (meriolin 15, 2 mg/kg/2 d), 5 mg/kg every 2 days (meriolin 15, 5 mg/kg/2 d) or every day (meriolin 15, 5 mg/kg/d), diluted in DMSO in NaCl 0.9% (5/95, v/v%). In a second experiment, meriolin 15 was administrated at doses of 2.5 mg/kg twice daily (meriolin 15, 2 × 2.5 mg/kg), 5 mg/kg twice daily (meriolin 15, 2 × 5 mg/kg) or 10 mg/kg twice daily (meriolin 15, 5 ×10 mg/kg) diluted in polyethlyleneglycol (PEG)-300 in NaCl 0.9%. For the control, we injected mice with the same solutions but without meriolin 15. This model was used for ex vivo immunohistochemical investigation of proliferation, apoptosis, or vascular architecture. Thus, U87 tumor xenografts were collected, frozen in isopentane, and maintained at 2808C.
To confirm the observed effects on U87 human GBM cell line, we tested meriolin 15 on a second animal model. This model was developed in 2003 at the Neurology Department and Medical School of Vandoeuvre-lè s-Nancy, France 33 using a piece of human GBM obtained after neurosurgical resection and grafted into nude mice (see details in Supplementary Materials and Methods). The obtained xenograft was maintained in nude mice by serial passages when tumors reached 1-2 cm 3 . The day of xenograft was considered as day 0 (D0). At the onset of treatment, once tumors reached 250 mm 3 +40 mm 3 in volume, mice were arbitrarily assigned to different groups (n ¼ 6 to 8 each). Two independent experiments were conducted with intratumoral injection of meriolin 15 for 5 or 10 days. We tested different concentrations (2.5 mg/kg/day for 5 days,1.25 mg/kg/day for 5 days, 1.25 mg/kg/day for 10 days, and 1.8 mg/kg/day for 5 days). Meriolin 15 was diluted in 5% DMSO, 45% PEG, and 50% NaCl; for the control, we used as mice injected with the same solution without meriolin 15. During the 2 protocols, tumor growth Jarry et al.: Antitumoral activity of CDK inhibitor meriolins on glioma was evaluated every day, and animals were weighed every 2 days. The tumor volume was estimated according to its major and minor axes as measured with a slide caliper. Tumor volumes were calculated by assuming a spherical shape and using the formula: volume ¼ (a 2 × A)/2, where "A" and "a" are the long and short diameters, respectively. Mice were euthanized when the tumor volume reached 2 cm 3 , and this day was considered as the survival time of the mice. Survival times were analyzed using the Kaplan-Meier method, and we also used the Wilcoxon statistical test to compare tumoral sizes.
Immunohistochemical Staining
Tumor sections (10 mm thick) were cut in a cryostat (Cryostat CM1950; Leica Microsystems), mounted on gelatin-coated slides, and maintained at 2208C until experiment. Briefly, slides were first rinsed in PBS, fixed in a paraformaldehyde solution (4%; 20 min; RT) and washed 3 times in PBS. Sections were permeabilized and preincubated in a PBS, Triton X100 0.3%, normal donkey antiserum NDS 1:50, and bovine serum albumin 0.5% solution (30 min; RT). Slides were then incubated with primary antibodies (48C) (ie, anti-Ki67), -caspase 3, -collagen IV antibody (Santa Cruz Biotechnology), and anti-CD133 antibodies (1:200; overnight; Millipore). After treatment, slices were washed 3 times in PBS (10 min; RT) and incubated with corresponding secondary antibodies in a PBS/Triton 0.03% solution (1:300; 2 h; RT; in the dark). Finally, after washing, slices were incubated in 4 ′ ,6-diamidino-2-phenylindole dihydrochloride (DAPI; 1:1,000;10 min; RT; Sigma-Aldrich), washed again, and mounted in Mowiol 4 -88 (Calbiochem). Tumor slices were then examined using a confocal microscope (Leica TCS SP2 AOBS). Quantitative analyses from the confocal acquisitions were calculated by using ImageJ 1.44. software.
Statistical Analysis
All statistical analyses were conducted using tGraphPad Prism 4.00 software (GraphPad Software 
Results
Selected Meriolins Inhibit Human Glioma Cell Growth in Vitro
We explored the antitumoral activity of various meriolins on 2 human glioma cell lines (ie, anaplastic astrocytoma [SW1088] and human glioblastoma [U87]). Both cell lines were exposed to increasing concentrations yielding dose-dependent proliferation rate inhibition after 48 hours of treatment. IC50 values indicated that 19 meriolins efficiently decreased cell growth in a concentration range from 1 nM to 1 mM (data not shown). Among them, meriolins 3, 5, and 15, whose structures are illustrated in Figure S1 , showed an interesting reduction of more than 70% of the proliferation rate of both glioma cell lines with IC50 values of 34, 32, and 46 nM, respectively, for SW1088 ( Fig. 1A ) and of 76, 18.4, and 5.1 nM, respectively, for U87 ( Fig. 1B) . Conversely, meriolin 7, which presents a modified irrelevant structure ( Fig. S1 ), was devoid of antiproliferative activity ( Fig. 1A and B ). The cytotoxic effect of meriolins was also tested on primary proliferating astrocyte and neuron cultures as well as astrocyteneuron co-cultures from 7-day-old cerebellum rat pups. Meriolins 5 and 15 still showed antiproliferative and pro-death activities, yielding IC50 values for meriolin 15 of 7.8 nM in astrocytes and 4.7 nM in neurons (Fig. 1C , left and middle panels). An important feature of this study was that the astrocytes remained more quiescent, whereas neurons started differentiating in the astrocyte-neuron co-cultures. 34, 35 In these less proliferating and more differentiating co-cultured native cells, meriolins 5 and 15 exhibited lower activities than in glioma cells (Fig. 1C , right panel).
Meriolins Induce Arrest of Cell Cycle and Promote Apoptosis of Human Glioma Cell Lines
The cell cycle distribution of the U87 glioblastoma cell line was examined using flow cytometry with propidium iodide in the absence or the presence of meriolins 5 and 15 (0.1 mM each) ( Fig. 2A ). As illustrated in Figure 2A and B, after a 48 hour exposure with meriolins 5 and 15, the G1 phase appeared significantly reduced (P , .01), whereas the G2/M phase markedly increased compared with control (P , .05). No significant sub-G1 accumulation could be observed after 48 hours of treatment ( Fig. 2B ). In addition, systematic cell cycle analysis revealed a progressive accumulation of cells in the diploid phase of the cycle with both meriolin 5 and meriolin 15 (data not shown). The meriolin 15-induced morphological changes and cell cycle arrest would be accompanied by cell death events potentially including delayed apoptotic and nonapoptotic mechanisms. One of the initial events of mitochondrial alteration is a decreased mitochondrial membrane potential DCm, likely detectable by loss of the orange/red fluorescence of the fluorescent dye TMRM, as described in the Materials and Methods section. In representative 2-dimensional density plots of TMRM-stained cells illustrating percentage numbers of still-alive cells with intact DCm (TMRM fluorescence in top right quadrant), it was shown that 24 hour exposure of SW1088 and U87 to meriolins 5 and 15 (0.1 mM, each) increased cell death and remaining healthy cells decreased from 70% to 51% and 44% in SW1088 and from 77% to 67% and 71% in the presence of meriolins 5 and 15, respectively (Fig. 3A) ; however, only the effect of meriolin 5 (SW1088) was significant at 24 hours ( Fig. 3B , P , .05). In U87, the effect of meriolins 5 and 15 was moderate at 24 hours and marked at 48 hours (Fig. 3A) . In both glioma cell lines, the proapoptotic agent staurosporine (0.1 mg/mL; 1 h) induced loss of DCm in glioma cells, whereas no change occurred with meriolin 7 (Fig. 3A) . These data suggest that meriolins 5 and 15 induce astrocytoma and glioblastoma cell-cycle arrest in G2/M phase and loss of mitochondrial potential, reflecting apoptosis and/or nonapoptotic cell death that likely contribute to the inhibition of proliferation and glioma cell death in vitro.
We also analyzed the effects of meriolin 15 on various markers in human GBM Sc1 cells ( Fig. 4 ). Sc1 cells were exposed to 65 nM meriolin 15 (corresponding to 3 times the IC50 value for meriolin Jarry et al.: Antitumoral activity of CDK inhibitor meriolins on glioma 15 on this cell line) for increasing durations (1.5 h to 24 h). Cells were then collected, and proteins were extracted and resolved by SDS-PAGE, followed by analysis by Western blotting with various antibodies. Meriolin 15 induced downregulation of the survival factor Mcl-1, caspase 3, RNA polymerase II, and PARP cleavage as well as dephosphorylation of the CDK1/CDK2/ CDK7/CDK9 sites on protein phosphatase 1a (Thr320), RNA polymerase II (Ser 2), and Rb (Ser249/Thr252, Ser807/Ser811). These results confirm the direct effect of meriolin 15 on endogenous CDKs, leading at least in part to the activation of an apoptotic pathway.
Meriolins Inhibit Cell Growth, Arrest Cell Cycle, and Induce Apoptosis of Endothelial Cells
Growth and expansion of high-grade glioma tumors are associated with vascular endothelial cell proliferation and migration, leading to lumen formation referred to as neoangiogenesis. Thus, because meriolins exhibited antimitogenic activity on glioma cells, we also investigated their potential role on transformed human (HUV-EC-C) and mouse (bEnd3) endothelial cell lines. In the presence of the corresponding concentration of DMSO (as control) or meriolin 7, HUV-EC-C cells exhibited elongated forms, whereas relevant proapoptotic morphological changes and cell detachment have been observed in the presence of meriolin 15. A 72 hour treatment with meriolins 3, 5, or 15 at a concentration of 0.1 mM decreased the growth of the HUV-EC-C endothelial cells by 29.5%, 42.5%, and 58.2%, respectively (Fig. 5A ). Similar meriolin-inducing cell death has been detected on the murine bEnd3 cell line with IC 50 values in the micromolar range (Table S1 ; Fig. S2 ). We analyzed the effect of the most efficient meriolins (5 and 15) on the cell cycle profile of HUV-EC-C cells. In the representative example, only meriolin 15 (24 h) caused G2/M phase arrest and retention, with the G2/M Fig. 1 . Antiproliferative effect of selected meriolins on human glioma cells and native astrocytes and neurons in vitro. (A and B) Human anaplastic astrocytoma cells SW1088 (A) and human glioblastoma cells U87 (B) were incubated for 48 hours with graded concentrations of meriolin 7 (10 nM to 10 mM) or meriolins 3, 5, and 15 (10 pM to 10 mM) and counted using a Coulter counter. (C) Rat native neonatal astrocytes (left) were treated for 48 hours with graded concentrations of meriolins 3, 5, 7, and 15 (10 pM to 10 mM), whereas neurons (middle) or astrocytes and neurons in co-culture (right) were treated for 48 hours with meriolins 5 and 15 (10 pM to 10 mM) and then counted using the Coulter counter. The active and potent meriolins 3, 5, and 15 induced growth inhibition in tumoral cells but also in native neural cells, which were mostly proliferating. Data are mean of 3 to 9 independent experiments performed in triplicate. population increasing from 15% for control cells (DMSO) to 21% (meriolin 15, 0.1 mM) (Fig. 5B) . Accordingly, the population in S phase decreased from 6% to 2% without significant modification of G1 phase after 24 hours of treatment. As already described in glioma cells, we did not observe an increase in the sub-G1 fraction of meriolin 15-treated HUV-EC-C cells. To analyze the (Fig. 5C ). In contrast, staurosporine (0.1 mg/mL; 1 h), meriolins 5 and 15 (0.1 mM each; 24 h) led to cell integrity loss of 88%, 65%, and 59% as illustrated by a diminished number of TMRM-labeled cells in the right quadrant (Fig. 5C ). Our findings demonstrated that meriolins 5 and 15 have markedly stopped human endothelial cell proliferation by arresting cell cycle 
In Vivo Antitumoral Activity of Meriolin 15 on GBM Growth in Nude Mice
To investigate whether inhibition of CDKs by meriolins leads to tumor regression, meriolin 15 was administrated i.p. in nude mice xenografted with human glioblastoma U87 cells ( Fig. 6A and B) or intratumorally in other nude mice xenografted with human GBM Sc1 (Fig. 6C-F) . In the set of U87 xenografts, meriolin 15 significantly slowed glioblastoma growth at a dose of 5 mg/kg, compared with the vehicle group (corresponding DMSO dilution in NaCl 0.9%) when administered daily (Fig. 6A ). In particular, an 8-day treatment with meriolin 15 led to about 50% (2 mg/kg/ 2d), 40% (5 mg/kg/2d), or 60% (5 mg/kg/d) inhibition of tumor growth in vivo, with mean tumor volume values of 998+ 294 mm 3 in vehicle (DMSO) and 446+42 (P , .05), 603+114 and 362+95 mm 3 (P , .05) under meriolin 15 treatments, respectively. No systemic toxicities, such as food and water consumption or spontaneous activity, were detected in these animals, and mice weight gains were not significantly different between vehicle-and meriolin-treated groups (Fig. S3A) . In order to enhance meriolin 15 doses, taking into account the insolubility above 5 mg/mL, meriolin 15 was diluted in PEG-300 and administered i.p. twice a day from 2.5 mg/kg to 10 mg/kg to reach optimum tumor cytotoxicity. At 5 mg per day (2 × 2.5 mg/ kg), meriolin 15 exhibited a very similar inhibitory effect on glioblastoma tumor growth during 14 days of treatment ( Fig. 6B) . Again, the mean tumor volume 8 days after the first meriolin injection was significantly lower in the meriolin-treated mice (P , .01), but mouse survival was not significantly enhanced. However, when 10 mg/kg and 20 mg/kg were administered daily, animals exhibited drastic weight loss ( Fig. S3B ) and death after 8 and 2 days of treatment, respectively. Thus, these data showed that meriolin 15 delays tumor growth after systemic administration but induces animal toxicity at high doses.
To confirm the efficacy of meriolin 15 in vivo, we tested an intratumoral injection procedure using 2.5 mg/kg/day during 5 days on human GBM Sc1. We observed significant inhibition of the tumor growth ( Fig. 6C, P , .05 ) and increase of the overall survival compared with the PEG-DMSO vehicle (P ¼ .02; Fig. 6D ), and 3 of the 7 treated mice were totally cured. However, at this dose we observed an important inflammatory cutaneous reaction, which was associated with a local necrosis, in all treated mice. To avoid this toxic effect, we tested 1.8 mg/kg/day during 5 days and 1.25 mg/kg/day during 10 days. No local inflammatory reaction was detected with these protocols, and tumor growth was significantly delayed (Fig. 6E ). Significant differences in mouse survival were observed with the 1.25 mg/kg/day dose during the 10 day schedule (P ¼ .051 or 1.8 mg/kg/day during 5 days (P ¼ .015) compared with vehicle, where there were no cured mice (Fig. 6F ).
Analysis of in Vivo Antitumoral Effect of Meriolin 15
U87-bearing tumor sections were examined for the effect of i.p. administered meriolin 15 (Fig. 7A ) on proliferation, differentiation, and/or apoptosis/cell death. Immunohistochemical analysis showed that the rate of cell division within the tumor, as revealed by labeling of the proliferation marker Ki67, significantly decreased by 36.6% after treatment with 2 mg/kg/2day (Fig. 7A ). This mechanism was correlated with the enhanced activity of caspase 3 (Fig. 7B ). In addition, the expression of CD133, the marker for tumoral stem cells or undifferentiated cells, was significantly inhibited by 86.05% in tumor sections extracted from meriolin 15-treated mice (5 mg/kg/d) ( Fig. 7C ). We also tested whether tumor cell death was tightly coupled to blood vessel regression and measured the number of vessels. Interestingly, analysis of the vascular basement membrane through collagen IV immunolabeling indicated that the basement membrane did not disappear but rather showed thin strands of basement membrane, the number of which number decreased significantly after (5 mg/kg) of meriolin 15 (Fig. 7D ) accompanied by large blood lakes. These data indicate that a systemic treatment with meriolin 15 inhibits cell proliferation, reduces the number of undifferentiated cells and vascular components, and induces cell death at least in part via a caspase-3-dependent apoptotic pathway.
Discussion
We investigated the potential antitumoral effects of a series of meriolins designed as synthetic hybrid molecules between 2 different classes of marine natural products named meridianins (extracted from an ascidian) and variolins (extracted from a sponge), which have been previously characterized as kinase/CDK inhibitors and antitumoral agents. 24, 28, 29 A first set of meriolins 14) was synthesized, and previous data indicated that some of them induced cell death in 5 tumorigenic or transformed cell lines: neuroblastoma SH-SY5Y, HEK293, glioma GBM cells in primary culture, multiple myeloma KMS-11, and colorectal adenocarcinoma LS1746T cell lines. 24 We tested the ability of variolin B and different meriolins to affect SW1088 anaplastic astrocytoma and U87 glioblastoma cell growth. Among the many compounds tested, some were clearly inactive, including meriolin 7, and others were more efficient than variolin B (IC 50 values from 1 nM to 1 mM); meriolins 3, 5, and 15 exhibited the higher potency with nanomolar IC 50 values. The co-crystallization of variolin B or meriolin 5, interacting with CDK2/cyclin A, showed a different orientation of these 2 inhibitors in the ATP-binding pocket of CDK2. 24 This observation may at least in part explain the increased efficiency of the meriolin family on CDK2 inhibition and consequently on glioma cell growth. In addition, increased meriolin efficiency would also result from the target preference for kinases. Indeed variolin B has been reported to inhibit CDK1, CDK2, CDK9, FLT3, 23 and to a lesser extent, CDK7, 29 whereas some meriolins have exhibited preference for CDK1, CDK2, CDK4, and CDK9. 24 Thus, targeting CDK4 may provide a key advantage for meriolins in the treatment of malignant glioma.
In our study, we demonstrated that meriolins 5 and 15 showed the most potent antiproliferative effect on both astrocytoma and GBM cells in vitro. We also investigated whether the susceptibility to meriolins was specific for the neoplasic phenotype of glioma cells or if it could be observed in untransformed isolated rat astrocytes and neurons as well as astrocytes and neurons in co-culture. Treatment at different doses of meriolins 5 and 15 resulted in astrocytic and immature neuron detachment and death. When these neural cells were co-cultured, likely leading to a reduced proliferation rate of astrocytes and prodifferentiation of neurons, 34, 35 the toxic effects of meriolins appeared to be a lesser degree than in glioma cells. The lack of specificity for the neoplastic phenotype of glioma cells may be attributed, on one hand, to the proliferating behavior of normal astrocytes (or immature neurons in culture) and, on the other hand, to pro-death/apoptotic function, likely predicting neurotoxicity.
In glioma, meriolin 15 diminished the number of cells in the S phase and increased the cell proportion in the G2/M phase, triggering cell cycle arrest. It was noted that no sub-G1s were clearly visible in cell cycle experiments, which suggested no DNA fragmentation (a hallmark of apoptotic cells), whereas meriolin15 induced caspase-3 activation and PARP cleavage. It has been previously suggested that apoptotic cells in which DNA degradation is terminated at 50 -300 kb fragments and does not proceed to internucleosomal-size fragments,may not be identified as sub-G1 cells. 36 However, we also found that meriolins 3, 5, and 15 initiated cell death hallmarks, such as cell cycle arrest and decrease in the mitochondrial membrane potential DCm revealed by the fluorescent shift of TMRM. 37 Indeed, although apoptosis is the best characterized form of programmed cell death, nonapoptotic forms of cell death, referred as programmed cell death II (autophagy) or III (oncosis) independent of caspase activation and chromatin condensation, are now recognized as playing significant roles in cancer regression. 38, 39 It has been shown that apoptosis and oncosis, a prelethal process that occurs in ATP-depleted cells, 40 have some features in common, such as the mitochondrial permeability transition and loss of DCm. In addition, we observed that meriolin-treated cells underwent morphological changes (ie, retraction and rounding) that have been previously associated with cell injury and widespread cytoskeletal framework disruption 41 resembling oncosis-associated morphological change. 40 Furthermore, cells showed a visible reduction of ability to adhere and spread, suggesting a loss in cell matrix adhesion. 42 Then, nonapoptotic oncosis cell death associated with cell and organelle swelling and swollen nuclei may also occur after meriolin 15 treatment, simultaneously developing with apoptosis in glioma. The cellular swelling accompanying oncosis, which is characterized by release of inflammatory signals 43, 44 and stimulation of cell-mediated immunity, 45 may explain at least in part the necrotic features of the GBM sc1 tumors after intratumoral injections of meriolin 15. Together, we propose that meriolin 15, via potent inhibition of cyclindependent kinases by occupying the ATP binding site of enzymes' catalytic subunits, activates the intrinsic apoptotic pathway and nonapoptotic cascades that lead to necrosis.
Thus, it is proposed that meriolins and, more particularly, meriolin 15 inhibit CDK7/CDK9 and consequently decrease RNA polymerase II and its phosphorylation and lead to downregulation of the survival factor Mcl-1 (Fig. 4) , thereby allowing the activation of proapoptotic factors (Noxa, Bim, etc.). These mechanisms likely explain the mitochondrial membrane potential changes and caspase 3-dependent activation of apoptosis that are observable in vitro and in vivo. A similar CDK7/CDK9 -RNA polymerase II -Mcl-1 -apoptosis sequence has been described in detail for the action of roscovitine and S-CR8. 46, 47 Moreover, the disruption of cell cycle progression, both at the G1/S and G2/M transition, would result from inhibition of CDK1 and CDK2 and allow E2F1-dependent apoptosis. 48 Recent genetic evidence that mice survive in the absence of all interphase CDKs suggests that CDK1 is the critical kinase and that it is able to substitute missing activity of any other CDKs. In addition, Shapiro demonstrated the significance of only CDK1, CDK2, and CDK9 for cell cycle and viability. 18 The ability of meriolins to block cell cycle and induce apoptosis in glioma regardless of their p53 status and CDK mutations 49 is thus probably due to the combined CDK1, CDK2, and CDK9 inhibition mechanisms. From this observation, it appears that highly specific inactivation of any CDK would not be as efficient as broader inhibition of multiple CDKs as long as it includes CDK1. From this point of view, meriolins constitute a promising new CDK-inhibitor family with significant antitumoral activity on the most malignant glioma.
Besides the direct effects of oncogenic changes on cell proliferation and survival, the genomic alterations that occur during cancer progression are known to promote invasion and neoangiogenesis. An important factor underlying this phenotype is enhanced VEGF expression, which is commonly observed in malignant glioma. 50 Several existing CDK inhibitors have been shown to influence angiogenesis. For example, the potent selective CDK inhibitor SNS-032 prevents migration of HUVECs and reduces formation of a capillary network from these cells in culture. 51 Here, meriolins 3, 5, and 15 significantly decreased the endothelial cell HUV-EC-C proliferation rate, slowed the progression through G2/M and G1/S, and drastically initiated apoptosis/mitochondrial dysfunction. Connections between angiogenesis, mRNA transcription, and CDK9 have been previously suggested. Indeed, some CDK inhibitors (including flavopiridol, SNS-032, and roscovitine), which are currently under clinical evaluation as anticancer drugs, have also been shown to inhibit angiogenesis in vitro, 51 -54 whereas they all share significant activity on CDK9. Thus, the effects of meriolins on endothelial cells are probably mediated by inhibition of CDK1/2 (cell cycle arrest) and CDK9 (apoptosis), leading to antimitogenic and cytotoxic activities. Considering the In vivo, meriolin 15 was investigated in a subcutaneous implanted xenograft model of U87 glioblastoma cells in which various oncogenes have been shown to be activated or 49 a process classically used to test the antitumor activity of a number of cell cycle disruptors and antiangiogenictargeted therapies. In a previous study, meriolin 3 had been shown to exhibit antitumoral activity on A4573 Ewing's sarcoma and LS174T colorectal carcinoma xenografted in nude mice. 23 A significant antitumor effect of meriolin 15 was detected during the first week of treatment and appeared to be enhanced by increasing the dose and the frequency of administration. However, systemic toxicity was observed at doses greater than 5 mg/kg/ day. We tested a secondary model in which GBM was xenografted into nude mice, and a daily infusion schedule of meriolin 15 diluted in DMSO delayed tumor volume development and/or even led to tumor disappearance. The proper effect of DMSO on glioma growth in vivo is not surprising since this adjuvant has been found to suppress proliferation of mouse breast cancer cells, 55 arrest the cell cycle of lymphoid cell lines, 56, 57 and provoke leukemia cellular differentiation leading to the disappearance of proliferation properties. 58, 59 However, the sustained inhibition of human GBM sc1 growth after the end of the treatment period clearly indicates the direct long-term impact of meriolin 15 on glioma cell death.
Immunohistochemical analysis of treated tumors indicates that in vivo i.p. administration of meriolin 15 triggers a dosedependent inhibition of glioma cell proliferation (decreased number of Ki67-positive cells), activation of the proapoptotic cascade (increased number of caspase 3-positive cells), and reduces detection of undifferentiated/glioma stem cells (less expression of the specific CD133 marker). Because CD133expressing tumoral stem cells appear to be resistant to radiation therapy and chemotherapy and are therefore likely contribute to tumor recurrence and relapse, 60 meriolins may constitute a beneficial therapy via their antiproliferative and proapoptotic actions and through tumoral stem cell differentiation and/or death.
There is increasing evidence to support the concept of a microvascular niche in brain tumors where tumoral stem cells likely reside in close proximity to endothelial cells. 61 Interestingly, a recent work reported a decrease in stem cell numbers when tumors were treated with antiangiogenic agents, suggesting a direct impact of the specialized vascular compartment on tumoral stem cell survival. 62 Accordingly, the meriolin 15-induced disappearance of CD133-positive cells in xenografted U87 tumors suggests an in vivo antiangiogenic effect of these CDK inhibitors. In the meriolin 15-treated glioblastoma, we observed abundant type IV collagen immunoreactive basement membrane sleeves that resembled blood vessels with interconnection to survival vascular structures. Part of the difficulty in interpretation comes from incomplete knowledge of how antiangiogenic factors affect blood vessels. Strictly speaking, neo-angiogenic inhibitors block the growth of new blood vessels from existing vessels, but they also initiate regression and normalization of others. 63 As already described in tumors treated with VEGF inhibitors, 64 sleeves of type IV collagen have been shown to be particularly dense, whereas endothelial cells have degenerated. Here, we observed that meriolin 15 decreased the total number of collagen-positive structures and enlarged the caliber of basement membrane. These structures did not colocalize with CD31-positive vascular compartments (data not shown). This suggests that meriolin 15 initiates regression of tumoral glioma vascular endothelium, a process previously observed during tumor vascular normalization following antiangiogenic therapies. 65 -67 Altogether, the marked in vitro and in vivo antitumoral activities of the new class of CDK inhibitors represented by meriolins, and meriolin 15 in particular, target malignant glioma cells and endothelial cells with cell cycle arrest and apoptosis induction and therefore might represent an interesting lead compound. However, the described characteristics of meriolin 15 in the present study suggest pan-CDK inhibitory properties of the molecule that regulates multiple pathways for inducing cell death in glioma. This may be advantageous in apoptotic-resistant glioblastoma, but the downside resides in the antiproliferative impact upon neonatal astrocytes and toxicities. In this context, the only possible clinical use for meriolin 15 in human glioma would be local administration after surgery. In particular, meriolin 15 should be administered through convection-enhanced delivery 68 to limit toxicities to surrounding normal tissues. However, the competing toxicities did not make meriolin 15 the compound of choice among the meriolin library for clinical usage. Consequently, we are currently refining our meriolin-lead compounds and evaluating their quantitative structure-activity relationships to identify the best drug candidate. The issues involved in developing the optimal meriolin derivative are evaluation of the blood-brain barrier's permeability, the acquired less-toxic effects toward normal tissues, and the possible efficient combination with other chemotherapeutic agents as temozolomide and/ or radiotherapy.
